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section S1. Stroboscopic pump-probe MOKE experiments using a picosecond laser
In order to investigate the spin-orbit torque (SOT) induced switching dynamics of Ta/CoFeB/MgO samples, a stroboscopic pump-probe magneto-optical Kerr effect (MOKE) experiments are performed. The measurement system consists of the optical part for probing the magnetization dynamics and the high frequency electrical part for pumping to induce SOTs, as shown in fig. S1 .
In the optical part, the picosecond laser system (PiLas) provides a laser beam of 405 nm wavelength and 50 ps pulse-width. The spot diameter of the laser beam is 2 m by using an objective lens. Before measurements, the position of the sample and the beam spot is confirmed by a red light emitting diode (LED) and charge-coupled device (CCD). When a linearly polarized beam is applied to the sample, the perpendicular component of the magnetization can be probed by analyzing the polarized beam reflected by the sample with the balanced photodetector (PD) in a polar MOKE (p-MOKE) configuration.
In the high frequency electrical part, the programmable pulse generator (PSPL 10060A) applies variable electric pulses to induce SOTs. For the stroboscopic technique, initialization (negative) and excitation (positive) pulses are applied in one event. The initialization (excitation) pulse induces the down-to-up (up-to-down) magnetization switching. The two pulses are separated with enough time to prevent any interference each other. The initialization pulse is applied with lower and longer pulses to prevent any damage of samples as well as the switching-back phenomenon. For the SOT induced switching, variable higher and shorter excitation pulses are applied.
Here, the pump pulse generator (PSPL) and picosecond laser are synchronized by another pulse generator (Agilent 81134A) with a trigger frequency of 100 kHz. Consequentially, the excitation pulse (pump) and the polarized laser beam reflected by samples (probe) are synchronized by a time delay, which can be tuned with a 10 ps temporal resolution. The scanning range of the probe beam can be tune up to 230 ns. At the same time, the lock-in amplifier (SR830) is synchronized to the Agilent pulse generator with a trigger frequency of 100 kHz. The data of SR830 are collected from the balanced PD. Using the above stroboscopic electric pump and optical probe MOKE signal, the SOT induced magnetization dynamics can be observed. In addition, a dc source meter (Keithley 2400) is used to measure static MOKE signals for dc current induced magnetization switching.
section S2. Characterization of magnetic films
We perform the vibrating sample magnetometry (VSM) measurements on an unpatterned film. Figure S2A shows magnetic hysteresis loops for in-plane and out-of-plane magnetic fields from Si substrate/SiO2/Ta (6 nm)/Co40Fe40B20 (0.8 nm)/MgO (2 nm)/SiO2 (3 nm) (device 1).
Following parameters are obtained from these results: the saturation magnetization Ms = 9.6 × 10 5 A m −1 , the anisotropy field Hk = 5.8 × 10 5 A m −1 , and the perpendicular anisotropy constant K⊥ = 9.3 × 10 5 J m −3 . In addition, the magnetic hysteresis loops are measured using a static polar magneto-optical Kerr effect (p-MOKE) system on continuous films. Figure S2B fig. S3A ), <mz> oscillates only once after the first decrease of <mz> and is then stabilized in the reversed state (<mz> = -1). From fig. S3B , we find that a reversed domain is nucleated at a corner (t = 0.9 ns) and expands until the domain wall arrives at edges (t = 1.35 ns), resulting in the first decrease of <mz> in fig. S3A . As demonstrated in the main text, the domain wall is reflected at edges due to the FLT (t = 1.4 ns), propagates backward for a while (from t = 1.4 to 1.6 ns), and returns back again with expanding a reversed domain (from t = 1.6 ns), which corresponds to the single oscillation of <mz> in fig. S3A . After this oscillation, a full magnetization switching is completed.
At this low current density, therefore, the magnetization switching completes with only one domain wall reflection because the FLT is not large.
On the other hand, at a high current density (J = 20 × 10 11 A m -2 ), <mz> shows several oscillations ( fig. S3C ). The first reflection of domain wall occurs at t = 0.9 ns, followed by quite complex magnetization dynamics with multiple reflections ( fig. S3D) . At a high current, a large FLT assists the domain wall reflection and backward motion. At the same time, a large DLT induces the forward domain wall motion, and thus the forward and backward motions occur repetitively while the current is applied. The competition between the forward and backward motions makes magnetization dynamics quite complex. From fig. S3C , one finds that the switching probability also oscillates with the pulse-width.
section S4. Domain wall moving along the left edge
It is well known that an interfacial Dzyaloshinskii-Moriya interaction (i-DMI) makes SOT induced domain wall motion more efficient. This is because a Néel-type domain wall is stabilized by i-DMI where the domain wall direction (i.e., domain wall tilting) is perpendicular to the spin polarization of incoming spin currents from the heavy metal to ferromagnetic layer.
However, in a Ta-based structure of our work, it is well known that i-DMI is negligible (45, (48) (49) (50) . Instead, in our experiment, the in-plane external field applied along the x-direction (Hx) serves the role of i-DMI. That is, the external field allows the domain wall direction to be perpendicular to the spin polarization of incoming spin currents, corresponding to DLT as shown in fig. S4A . Although Néel-type and Bloch-type domain walls are respectively formed in region (i) and (ii) ( fig. S4B ), the domain wall directions are perpendicular to the spin polarization in both cases of (i) and (ii). Thus, the domain wall dynamics is symmetric in both cases regardless of the domain wall type. In the main text, we show one-dimensional analysis for a Néel-type domain wall corresponding to the region (i). In fig. S5 , we show the analysis for the propagation and reflection of a Bloch-type domain wall in region (ii). It shows that domain wall reflection severely occurs for a negative sign of FLT/DLT and it therefore shows a similar trend as the Néel-type domain wall in Fig. 5A in the main text.
section S5. Backward motion of a domain wall reflected at an edge
We derive an analytic equation for q, the distance of backward domain wall (DW) due to the DW reflection at an edge. For the magnetization m (cos sin , sin sin , cos )       , the DW profile in the presence of in-plane field Hx is approximately given as (42-45)
Hx is the external longitudinal field, and Hk,eff is the effective perpendicular anisotropy field. For simplicity, we assume the rigid DW (i.e., 0 /    t  ) and neglect the DW hard axis anisotropy. We note that the DW is dynamically distorted upon reflection. Therefore, the derivation based on Eq. (S1) may not be accurate quantitatively, but would provide an insight into a qualitative understanding about the effect of the field-like SOT on the backward DW motion after reflection.
By using Eq. (S1) and the procedure developed by Thiele (46), we derive the equations of motion for the two collective coordinates (q and ) for a down-up DW. The force equation is given as 
